Maintaining the consistency of each node is the key factor to preserve system usability in a distributed virtual environment (DVE) system. However, due to the existence of communication delay between nodes, it is hard to sustain the absolute consistency of the system while providing acceptable responsiveness of the nodes, thus affecting the interactive experience of the user in the virtual world. In this paper, we propose a new consistency control method based on the asynchronous clock model, which can satisfy the responsiveness requirement of each node and reduce the overall inconsistency of the system. In order to evaluate the performance of the proposed method, the experimental process and results analysis are also displayed in this paper.
Introduction
Distributed virtual environment [1] is a real-time network interaction environment based on distributed simulation technology [2, 3] . Through the communication among nodes, it can share local or global information of the virtual world to help users collaboratively complete the tasks distributed to varying nodes, and provide users with a holistic, real, and immersive virtual space. Distributed virtual environment has rapidly developed in recent years, and has been widely used in online games, military simulation, and distance education and so forth.
The problem of consistency is the most crucial and central problem of distributed virtual environment. Due to the existence of the delay in network transmission, the messages transmitted between nodes cannot arrive at the target in real time. Therefore, an event will have different execution times in separate nodes, which brings about the phenomenon of disorder and affects normal running of the system. On the other hand, the responsiveness of the system is also an important factor affecting the usability of the system. Responsiveness is defined as the time interval between initiating an action and observing the effect of the action. Normally, users hope this response time will be consistent with their real-world perceptions. Otherwise, the interaction experience of the user in the virtual world will be significantly affected.
Most existing consistency control methods primarily try to optimize either of these two key elements. However, since there is a trade-off relationship between system consistency and responsiveness, it is often hard to provide satisfactory responsiveness for the methods that enhance the consistency, and vice versa. For this reason, we propose an asynchronous consistency control method to reduce the overall inconsistency of the system, while also ensuring the responsiveness of each node. The contribution of this paper mainly includes two aspects, one is to propose a calculation method of the system inconsistency, which can quantify the consistency degree of the system; the other is to propose an asynchronous consistency control method, which can optimize the overall consistency of the system, thereby improving the usability of the system. The rest of this paper is organized as follows: Section 2 reviews the existing consistency control methods. Section 3 briefly describes the system model and gives the consistency models and responsiveness requirement model used in this paper. In Section 4, we present our asynchronous consistency control method and show how to use it to optimize the overall consistency of DVE systems. Section 5 exhibits and discusses some experimental results. Finally, section 6 contains our conclusions.
Related work
When the initial state of each node in the virtual environment system is consistent, as long as all events that change the state of the system are correctly executed at each node, it is sufficient to maintain consistency for the system. Because their states only change when events are executed, we only need to make sure each node handles events in the same order for the discrete models in the DVE system. This kind of problem has been studied in-depth [4, 5] . As for the continual model in the virtual environment system, it is necessary to ensure that each event is executed at the correct time point because the system state changes with the time.
Existing consistency control methods for maintaining continuous models focus on how to eliminate inconsistencies in the system. In [6] , the authors propose a lock-step synchronization technique, which avoids the occurrence of inconsistency by forcing the clocks of the blocking nodes to advance until all of the nodes finish the calculation in the last cycle, and they then enter into the next cycle. This method can ensure the correctness of the system function, but the performance cannot meet the requirements of the interaction of the user. In [7] , the authors propose a method to improve the performance of the system by delaying the remote events without delaying the local events. This model could provide an excellent reaction, but it would sacrifice the functions of the system. In many cases, the control result of this method cannot satisfy the consistency needs of the messages, which leads to the occurrence of various inconsistencies.
In [8] , the author considers that the consistency control of the continuous model is a compromise between the correctness and performance of DVE system, and the optimization for one aspect will inevitably lead to the deterioration of another aspect of the DVE system. In addition, in [9] the author proposes a definition of time-space inconsistency. They analyze the factors that cause inconsistency and give some suggestions to reduce the inconsistency.
In addition, some information management techniques are introduced into the distributed virtual environment system, such as Relevance Filtering [10] , Dead Reckoning [11] , and Packet Bundling [12] . These methods can also indirectly improve the consistency of the system by reducing the amount of transmission data and transmission delay.
In order to improve the responsiveness of each node, our previous work [13] proposed a consistency control method based on a callback clock, which can enhance the overall responsiveness of the system while also fulfilling the consistency needs of each node. However, when the method is running, there are still some nodes whose responsiveness cannot meet the demand, which leads to the destruction in the interactive experience of the user in the virtual world. Therefore, in this paper, we will try to reduce the system inconsistency on the premise that the responsiveness of the user needs can be achieved.
System Model
In this section, we first describe the system model used in this paper, and then give the definitions of the consistency model and the responsiveness model, as well as the computational method of inconsistency used.
In this paper, we use V to represent the set of all nodes involved in the DVE system, and O to represent the set of all events generated and executed in the system. Given a In order to keep a consistent view among all nodes in the virtual environment, it is necessary to satisfy certain constraints when the events in the system are executed at each node. As mentioned in [14] , we divide the consistency requirements into three levels. These levels are categorized as basic time stamp order (BTSO), interval time stamp order (ITSO), and absolute time stamp order (ATSO).
BTSO can guarantee that for any two nodes 
Definition 2. (Interval Time Stamp Order (ITSO))
, ; ,
ITSO can guarantee that for any two nodes 
ATSO has the most severe demand among all consistency requirements. It requires that any event will be executed at the same time at all nodes that can perceive the event.
For discrete models in the DVE system, BTSO can achieve the system consistency requirements. But for continuous models, the general requirements are to keep ATSO, only a few applications need to just keep ITSO [8] .
In addition to the functional correctness of the system, the performance requirements should also be considered. Because it represents the ability of the system to respond to the interaction, the responsiveness is an important factor affecting system usability in general. 
For each node in the system, the responsiveness of a node is defined as the average responsiveness of all events it generated. 
Definition 6. (Event Inconsistency Degree
We then define the inconsistency degree of the whole system as the sum of the inconsistency degree of all of the events at all nodes. 
In [9] , the authors also proposed a definition of time and space inconsistency, and quantified the inconsistency in the virtual environment system. However, that definition emphasizes inconsistencies in spatial positional deviations attributable to temporal inconsistencies, which are different from the objectives of this paper. The inconsistency in this paper is based on the definition of the ATSO consistency model, and it calculates the degree of deviation between the real system and the ideal situation. As the responsiveness of the system has a decisive influence on the interactive experience of the user, the optimal goal of this paper is to minimize the inconsistency of the system under the premise of ensuring the responsiveness requirement of the system is satisfied. In the next section, we will introduce the asynchronous clock model and the consistency control method used within this paper.
Asynchronous Consistency Control Method

Asynchronous Clock Model
Due to the existence of real-time interaction in the distributed virtual environment, most existing methods make the assumption that the simulation time of each node needs to be strictly synchronized with the external wall clock time. In order to ensure that all events are simultaneously executed at all nodes, the responsiveness cannot be less than the maximum network transmission delay under this assumption, which results in the contradictions between system consistency and performance. In fact, the strict synchronization between the simulation time and the wall clock time is unnecessary, and we can observe what happens if the simulation time and the wall clock time are inconsistent.
In Figure 1 , there are two nodes, 1 v and 2 v . Node 1 v sends an event 1 o to node 2 v at time T , the delay time of the event is T  . Node 2 v will receive the event at time TT  , so node 1 v must wait T  to execute the event. Therefore, the responsiveness of node 1 v is T  . In this case, if we adjust the simulation time of node 2 v to make it T  slower to the wall clock time, then the simulation time of node 2 v is -TT  when the event is sent by node 1 v , and the receive time of this event at node 2 v is T . Therefore, node 1 v can execute the event immediately after sending the event because both node 1 v and 2 v can execute the event at time T , the responsiveness of node 1 v becomes 0. In turn, if node 2 v sends messages to node 1 v , it has to wait more time, so the responsiveness of node 2 v becomes 2 T  .
Fig. 1. An Example of Asynchronous Clock Model
From the above example, we can see the system time resources can be redistributed by adjusting the deviation time of the simulation time of individual nodes and the wall clock time. Simultaneously, the system consistency situation can be
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optimized in the process. We define the difference between the simulation time of a node and the wall clock time as the deviation time of the node.
Definition 8. (Node Deviation Time) ,
In the case where the deviation time exists, for a given event 
Therefore, the goal of this paper is to choose and adjust the deviation time value of each node to reduce the overall system inconsistency under the asynchronous clock model. In the next subsection, we will detail the consistency control method used.
Asynchronous Consistency Control Method
The key issue of asynchronous consistency control method is to choose proper values of deviation time for all nodes. In fact, the deviation time of a node affects both the inconsistency degree of events it generated, as well as the inconsistency degree of the events it received. When the deviation time increases, the degree of inconsistency degree of received events decreases, and the inconsistency degree of sent events increases, and vice versa. If the frequencies of receiving events and sending events are not equal, we can adjust the deviation time to reduce the system overall inconsistency. Due to the difference of the physical properties of the entities, specifically the difference of the user's operating habits and the difference of the area of interest (AOI), it is common that the frequency of sending and receiving events do not match in the DVE system. In order to optimize the system as a whole target, we need to consider the deviation time values for all nodes. For each node, the deviation time is related to the difference between the frequency of its receive event and the frequency of its generate event. The larger the difference, the greater the deviation time of the node should be. Moreover, there is also a constraint for the deviation times of neighbor nodes.
Condition 1. (Deviation Time Constraints)
,,
According to Definition 9, the reason for the existence of this constraint is, for any node , the inconsistency degree of the reception event of the node is already 0. The additional increasing of the deviation time will not further decrease the inconsistency degree of receiving events, but rather will increase the inconsistency degree of sending events. Under the above constraint, the deviation time of the entire system can be subjected to a linear programming problem, the overall operation of the process is shown in Figure 2 .
Fig. 2. Asynchronous Consistency Control Method
To optimize the control results of the asynchronous clock model, we set up a central tuning node in the system. In the initial stage of the distributed virtual environment system, we first set the deviation time of each node to 0. Then, during the running period, we periodically gather statistics of the communication delay and event sending frequency among nodes and their neighbor nodes, and gather this information to the central node. The central node will use the linear programming method according to the current system running state, calculate the new deviation time of each node, and broadcast the results. After each node receives the message, it will adopt the new deviation time in the following cycle. The process runs periodically during the system run-time, and continues to optimize overall system consistency. In the next section, we will show the experimental results of the method.
Experimental Results
In order to verify the effectiveness of the proposed method, we constructed a simulated distributed virtual environment system. Our test platform is a PC with an Intel i7 2600 2.8GHz processor and 12GB RAM. The number of nodes in the system ranges from 100 to 500.
We ran the simulated virtual environment for 10000 cycles, and in each cycle, every node has a certain probability to send events to its neighbors. We ran our asynchronous consistency control algorithm one time every 100 cycles, and compared the statistical results to the one without using the consistency control algorithm. The results are shown in Fig. 3 and Fig. 4 .
Fig.3. Comparison results on Waxman Model
In Figure 3 , we first compare the results in the Waxman1 model. The x-axis represents the number of nodes in the virtual environment, varying from 100 to 500, and the y-axis represents the average inconsistency degree of the system for each cycle throughout the run. The blue columns represent the results without using the consistency control method, and the red columns represent the results using the consistency control method. From the results, we can observe that our method can effectively reduce the total system inconsistency in several cases from 100 to 500, and the overall inconsistency degree can be decreased by at least 15%.
Fig. 4. Comparison results on Transit-Stub Model
Subsequently, we compared the statistical results in the hierarchical model. In Figure 4 , the x-axis also represents the number of participating nodes in the virtual environment, varying from 100 to 500, and the y-axis denotes the average inconsistency degree of the system for each cycle throughout the run. From the results, we can see that the method in this paper is also better in the hierarchical model, and the reduction ratio of the system inconsistency can reach over 20%. The experiments show that the asynchronous consistency control method can reduce the overall inconsistency of the system and improve the usability of the virtual environment system under the premise of guaranteeing the system responsiveness.
Conclusion
Consistency and responsiveness are two key factors in determining the usability of the distributed virtual environment system. Because of the trade-off relationship between these two factors, it is hard to optimize both aspects at the same time. In this paper, we proposed an asynchronous clock model based control method. By periodically adjusting the deviation times of the participating nodes during the runtime, the time resources of the system are reallocated, reducing the whole system inconsistency and improving the overall performance of the system. The experimental results proved the effectiveness of the proposed method.
The definition of inconsistency proposed in this paper can quantitatively calculate the degree of consistency within the system. However, whether the causal violation exists in the inconsistency phenomenon also has a great influence on the sense of reality. Therefore, we will further consider how to incorporate causal factors into the consistency metrics in future works.
